To study the effect of Al 2 O 3 inclusions on pitting corrosion in steel, our researchers utilized industrial pure iron as the raw material with the addition of a proper amount of pure aluminum powder to form Al 2 O 3 inclusions. Corrosion experiments were performed by exposing the samples to a 6% FeCl 3 solution at room temperature (25 • C) for different lengths of time. Microscopic corrosion morphology was observed by scanning electron microscope (SEM), and the size change of the inclusions was quantitatively analyzed with Image Pro Plus. The experimental results showed that pitting corrosion arose preferentially around the Al 2 O 3 inclusions, and that pitting corrosion initiated at the junction of the Al 2 O 3 inclusions. The steel matrix dissolved and micro-cracks occurred as the Al 2 O 3 inclusions that were buried shallowly below the surface of the steel matrix promoted corrosion of the steel matrix. As corrosion progressed, the shallowly buried Al 2 O 3 inclusions began to appear on the surface, and the small, shallow inclusions fell off and formed micro pits. Furthermore, the clustered distribution of alumina inclusions had a greater effect on pitting initiation than the alumina inclusions distributed alone.
Introduction
Currently, corrosion damage is the most serious problem for steel materials, and has a close relationship with the national economy and defense construction [1] . Corrosion triggers can be broadly divided into two types: internal metallurgical factors and external environmental factors. Internal metallurgical factors include the shape, distribution, size of inclusions, chemical composition, steel microstructure, and so on. External environmental factors include temperature, pH, and corrosion environment [2] . Pitting corrosion is a type of localized corrosion [3, 4] , and is often an initial state for other forms of corrosion [5] . For example, it can act as an initiation site for stress corrosion cracks [6] . If pitting corrosion is uncontrolled, it often results in early failure of the equipment, leading to direct loss, indirect loss, and incalculable economic consequences [7] . Thus, pitting corrosion plays a key role in the whole corrosion process, and the study of the influencing factors triggering pitting corrosion is evidently important.
The pitting corrosion process is divided into two stages: pit initiation and pit propagation [8] . Many researchers have studied the pitting processes, with most of them acknowledging that non-metallic inclusions induced pitting corrosion [9] [10] [11] [12] . Schmuki et al. [13] observed the inclusions in high sulfur stainless steel and found that the surroundings of the inclusions were preferentially dissolved and pitting corrosion occurred at the inclusions or their surroundings. Chiba et al. observed that the metastable and stable pits were initiated at the MnS/steel boundaries [14] . Zheng et al. [15] observed two types of inclusions in 316L stainless steel made of composite oxide inclusions of Ca, Mg, and Al, and alumina inclusions, respectively. Furthermore, they indicated that these two types of inclusions could trigger pitting corrosion in Cl − solution. They also established the pitting inducing mechanism where Mg, Al, and Ca composite oxide inclusions were corroded in a sulfur environment containing chloride ions. Compared with Al 2 O 3 inclusions, pitting corrosion occurred more easily at the junction of the steel matrix and Mg, Al, Ca composite oxide inclusion. Muto et al. [16] conducted pitting corrosion micro-electrochemical experiments of sulfide and oxide inclusions in 304 stainless steel. They observed that MnS/CrS inclusions were more likely to be sites of pitting initiation rather than the MnO/CrO inclusions. In addition, pitting corrosion occurred at the boundary of the oxide inclusions and steel matrix in the FESEM (Field Emission Scanning Electron Microscope) images, which was consistent with the observation of sulfide inclusions.
Practically, aluminum killed steel accounts for a large proportion of industrial steel, and the deoxidation products mainly contain Al inclusions [17, 18] . Al 2 O 3 is the most typical non-metallic inclusion, and has been widely studied in papers [19, 20] . The distribution of the Al 2 O 3 inclusions and surface defects caused by Al 2 O 3 inclusions has an important effect on the corrosion of steel materials, but there is less research on the effects of Al 2 O 3 on pitting corrosion of steel materials. We studied the influence of Al 2 O 3 inclusions with different distribution forms on pitting corrosion, which will be of great significance to further avoid corrosion in the metallurgical production process.
Experimental Procedures

Preparation and Processing of Experimental Materials
The experimental material used was industrial pure iron, and its chemical composition is shown in Table 1 . Multiple samples with a size of 10 × 10 × 15 mm 3 were cut using a wire cutting machine for ingot symmetry (DK7732 wire cutting machine, Kingred, Suzhou, China). The 10 × 10 side of the sample was used as the working surface of the test sample. The working surface was sanded with SiC sandpapers and then polished. Finally, distilled water and anhydrous ethanol were used to wash the working surface. The inclusions were observed by scanning electron microscopy (SEM, Phenom proX scanning electron microscopy, Eindhoven, The Netherlands).
Experimental Schemes
Industrial pure iron was melted in a corundum crucible. The experiments were performed using a tubular resistance furnace with MoSi 2 heating bars under an Ar atmosphere (SK168YL tubular resistance furnace, Beijing, China). When the steel temperature reached 1873 K (1600 • C), it was kept at this temperature for 30 min before an appropriate amount of pure aluminum powders were added to the molten steel to generate Al 2 O 3 inclusions. Once the Al 2 O 3 inclusions in the samples were generated, their compositions were obtained and morphology was observed using scanning electron microscope and energy dispersive spectroscopy (SEM-EDS).
The samples were immersed for different immersion time in 6% FeCl 3 solution (with reference to national standard GB/T 17897-2016) at room temperature (25 • C). When they reached the set time, the samples were quickly removed from the solution, rinsed with distilled water and anhydrous ethanol, and then blow-dried. The samples were observed and analyzed by SEM, and then immersed back in the solution to continue the exposure. So, the microscopic corrosion morphology of the samples at different immersion time were observed. Changes in inclusion size during the process of corrosion were quantitatively analyzed using Image Pro Plus software (Version 6.0, Media Cybernetics, Inc., Rockville, MD, USA). In the meantime, it could also obtain the change of Al 2 O 3 inclusions in the same location during the corrosion process. Figure 1 represents the typical Al 2 O 3 inclusions found in the samples. According to the experimental results, Al 2 O 3 inclusions were classified into four types: (1) a large number of Al 2 O 3 inclusions gathered together to form a cluster distribution, as shown in Figure 1a ; (2) a small amount of Al 2 O 3 gathered together (generally between 3-6), as shown in Figure 1b ; (3) Figure 1c indicates that Al 2 O 3 inclusions were long strip-shaped and with a lone distribution; and (4) Figure 1d shows that Al 2 O 3 inclusions were mainly irregular in shape. Figure 2 shows the composition analysis of typical Cybernetics, Inc. Rockville, MD, USA). In the meantime, it could also obtain the change of Al2O3 inclusions in the same location during the corrosion process. Figure 1 represents the typical Al2O3 inclusions found in the samples. According to the experimental results, Al2O3 inclusions were classified into four types: (1) a large number of Al2O3 inclusions gathered together to form a cluster distribution, as shown in Figure 1a ; (2) a small amount of Al2O3 gathered together (generally between 3-6), as shown in Figure 1b ; (3) Figure 1c indicates that Al2O3 inclusions were long strip-shaped and with a lone distribution; and (4) Figure 1d shows that Al2O3 inclusions were mainly irregular in shape. Figure 2 shows the composition analysis of typical Al2O3 inclusions. Through the EDS results, it was concluded that the inclusions in the samples were Al2O3 inclusions. Cybernetics, Inc. Rockville, MD, USA). In the meantime, it could also obtain the change of Al2O3 inclusions in the same location during the corrosion process. Figure 1 represents the typical Al2O3 inclusions found in the samples. According to the experimental results, Al2O3 inclusions were classified into four types: (1) a large number of Al2O3 inclusions gathered together to form a cluster distribution, as shown in Figure 1a ; (2) a small amount of Al2O3 gathered together (generally between 3-6), as shown in Figure 1b ; (3) Figure 1c indicates that Al2O3 inclusions were long strip-shaped and with a lone distribution; and (4) Figure 1d shows that Al2O3 inclusions were mainly irregular in shape. Figure 2 shows the composition analysis of typical Al2O3 inclusions. Through the EDS results, it was concluded that the inclusions in the samples were Al2O3 inclusions. 
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Samples were tested at different times of corrosion immersion with 6% FeCl3 solution at room temperature (25 °C) . The microscopic corrosion morphology of the same location under different immersion times was observed by scanning electron microscopy to study the effect of Al2O3 inclusions on pitting corrosion. As the Al2O3 inclusions had a high interfacial energy, the inclusions in the molten steel easily gathered to form a clustered distribution through collision and coalescence [21] . The SEM images of the Al2O3 inclusions in a clustered distribution are shown in Figure 3 . Image Pro Plus software was used for the quantitative analysis of inclusions categorized by size to obtain the changes in Al2O3 inclusions at the same location during the process of corrosion. 
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Effect of Lone Distributed Al2O3 Inclusions on Corrosion
In SEM morphology of lone distributed Al2O3 inclusions is presented in Figure 7 . Figure 7a -c reveal the corrosion morphology of the specimen under short immersion times. It was observed that the pitting-induced location was at the junction of the Al2O3 inclusion and its adjacent steel matrix. By comparing the changes of Al2O3 inclusion at different times, it was found that the Al2O3 inclusions did not dissolve. Thus, the formation of the micro-gaps was due to the dissolution of the adjacent steel matrix, which was the same as the pitting-induced regularity of clustered Al2O3 inclusions. Figure 7 shows further corrosion morphology. It was observed that the edge of Al2O3 inclusions appeared to be corrosion products from the steel matrix. The corrosion products were lighter in color compared to the Al2O3 inclusions. As the Al2O3 inclusions were covered by the corrosion products of the steel matrix, the dissolution of the adjacent steel matrix was obviously subsided. This indicated that with the dissolution of the steel matrix, corrosion products increased, which has a certain degree of inhibition on the development of corrosion. Figure 7e ,f shows the corrosion morphology at longer immersion times, where the edge of Al2O3 inclusions obviously dissolved, thus it was concluded that the corrosion products of the steel matrix were unstable. From Figure 7b , we could find that a micro-gap appeared between the steel matrix and inclusion (the picture showed the color of micro-gap is darker than that of inclusions). From Figure 7c -f, the micro-gap is growing larger, based on the position of Figure 7b . It was also noted that the dissolved edge of Al2O3 inclusions were concentrated on the larger gaps between the steel matrix and inclusions (compared with Figure 7b ), the reason being that the concentration of dissolved iron ions (which were produced in the larger cracks of the steel matrix) was higher. The hydrolysis degree of the iron ions was large, thereby resulting in low pH, where the edges of the Al2O3 inclusions dissolved. 
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Analysis of Corrosion Induced Mechanism of Al 2 O 3 Inclusions
The corrosion mechanisms are shown in Figure 12 . Al 2 O 3 inclusions have a higher potential than the steel matrix and can form micro-corrosion batteries with the steel matrix. Due to a different structure or non-uniformity of components of the boundary between Al 2 O 3 inclusions and steel matrix [22, 23] , the steel matrix was unstable, the grain boundary energy was high, and the ionization tendency was great [24, 25] . At the same time, the presence of inclusions broke the continuity of the passive film and the boundary was weakly protected by the passive film, as shown in Figure 12a -c. Thus, pitting corrosion was preferentially induced at the boundaries. The steel matrix adjacent to the inclusions dissolved, resulting in the production of micro gaps that formed a self-catalyzed activation-passivation corrosion battery based on the occlusion battery [26] . This caused the cracks to expand and corrosion pits to become deeper. The clustered Al 2 O 3 inclusions were more destructive to the steel matrix than the lone Al 2 O 3 inclusions. As the corrosion took place along the direction of the presence of inclusions, the clusters of Al 2 O 3 inclusions accelerated the corrosion process. Small and shallow Al 2 O 3 inclusions in the corrosion process easily fell from the steel matrix and formed the pits, thus weakening the harmful impacts on the steel matrix. The corrosion mechanisms are shown in Figure 12 . Al2O3 inclusions have a higher potential than the steel matrix and can form micro-corrosion batteries with the steel matrix. Due to a different structure or non-uniformity of components of the boundary between Al2O3 inclusions and steel matrix [22, 23] , the steel matrix was unstable, the grain boundary energy was high, and the ionization tendency was great [24, 25] . At the same time, the presence of inclusions broke the continuity of the passive film and the boundary was weakly protected by the passive film, as shown in Figure 12a -c. Thus, pitting corrosion was preferentially induced at the boundaries. The steel matrix adjacent to the inclusions dissolved, resulting in the production of micro gaps that formed a self-catalyzed activation-passivation corrosion battery based on the occlusion battery [26] . This caused the cracks to expand and corrosion pits to become deeper. The clustered Al2O3 inclusions were more destructive to the steel matrix than the lone Al2O3 inclusions. As the corrosion took place along the direction of the presence of inclusions, the clusters of Al2O3 inclusions accelerated the corrosion process. Small and shallow Al2O3 inclusions in the corrosion process easily fell from the steel matrix and formed the pits, thus weakening the harmful impacts on the steel matrix. 
Conclusions
The Al2O3 inclusions were stable during a short period of corrosion immersion. During the process of corrosion, the inclusions did not dissolve. Therefore, pitting corrosion was induced at the boundary between the inclusions and the steel matrix, and the steel matrix dissolved to produce micro gaps. As the corrosion progressed, the size of the micro-cracks became larger, so the formation of the corrosive products could be clearly observed, and the edge of the Al2O3 inclusions also dissolved.
The Al2O3 inclusions not deeply buried on the surface of the steel matrix promoted corrosion in the steel matrix. With the dissolution of the steel matrix, Al2O3 inclusions shallowly embedded in the steel matrix began to appear, and the size of inclusions increased slightly. Due to the dissolution of the steel matrix, small and shallow Al2O3 inclusions fell off and formed micro pits.
Clustered Al2O3 inclusions had a greater impact on pitting corrosion than lone Al2O3 inclusions. As corrosion occurred around inclusions, the interaction of clustered Al2O3 inclusions accelerated the dissolution of the adjacent steel matrix. 
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